Monolayers of transition metal dichalcogenides (TMDCs) feature exceptional optical properties that are dominated by excitons, tightly bound electron-hole pairs.
in Fig. 1(a) . All HB and isolated regions of the constituent monolayers (ML) were thoroughly studied by micro-photoluminescence (PL) spectroscopy, typical spectra are shown in Fig. 1 
(b).
The ML regions display the well-known A exciton and trion peaks [11, 12, 13, 14 ] near 1.65 and 1.9 eV for WSe 2 (green) and MoS 2 (blue), respectively. In the HB region the same two peaks are discernible, but slightly shifted in energy due to the modified dielectric environment [15, 16] .
However, in addition a new peak near 1.6 eV is observed, which is absent in the ML regions.
We assign this peak to the interlayer exciton (ILE) [4, 17] . Now, we control the relative orientation of the TMDC layers to reveal the k-space indirect nature of this ILE in MoS 2 /WSe 2 HBs. The twist angle is measured with respect to each layer's zigzag direction (green and blue arrows in Fig. 2(a) ), varying between 0 • (aligned) and 60 • (antialigned). A total of 15 HBs with twist angles covering this range were fabricated, and the ILE emission was observable as a high-intensity PL peak in all samples. The twist angle was determined by second harmonic generation measurements and the samples were further Fig. 3(a) ), an effect that should be well captured by DFT (for details see Supplementary Information Sec. 3.2.4) [18, 19] .
To better understand the impact of the layer separation on the electronic structure of the MoS 2 /WSe 2 HB, we studied by DFT an artificial model system that is antialigned and latticecommensurate by applying strain. We considered 28 different transitions between valence and conduction band extrema and calculated their energies as function of layer separation (see Supplementary Information). Most transitions exhibit either no dependence on the layer separation or a linear dependence with a negative slope (including K −K). There is only a single transition, Γ − K, that lies within a reasonable energy range, has the correct trend and a positive slope of 0.47 eV/Å, in excellent agreement with 0.44 eV/Å found for realistic systems in Fig. 2 
(e).
These results uniquely identify the observed ILE to be related to the Γ − K transition and not to K − K that is usually assumed when studying ILEs. Additional evidence supporting this key finding of our work is provided by analysing the twist angle and temperature dependencies of the ILE PL intensity and by an exciton model. We note that if the ILE was related to a K − K transition, its PL emission should only be observable for nearly (anti-)aligned structures because the transition probability of k-space direct transitions is higher [20] . However, the analysis of the PL intensity as a function of twist angle in the HBs shows no pronounced angle-dependence (see Supplementary Information).
For indirect optical transitions the difference between the wave vectors of the electron and holes states is compensated by coupling to a phonon and the efficiency of this process can be partially tuned by varying the temperature, which controls the phonon population. Temperaturedependent PL measurements of a HB and isolated WSe 2 and MoS 2 MLs are shown in Fig. 3 
(c).
We observe a systematic blueshift of all exciton peaks with decreasing temperature. Additionally, we observe a complex behavior of the relative PL intensities in the heterobilayer region.
The ILE PL, which is the most prominent emission peak at room temperature, decreases relative to the MoS 2 intralayer emission as the temperature decreases, in stark contrast to the behavior for ILE of the K − K type observed in WSe 2 -MoS 2 heterobilayers, where the ILE PL yield monotonously increases with decreasing temperature [5, 21] , further supporting the k-space indirect character of the transition in our heterobilayer system. We also observe that the WSe 2 intralayer emission is quenched with decreasing temperature, as reported previously for WSe 2 monolayers [22, 23] . Additional measurements and discussion of the temperature-dependent PL are presented in the Supplementary Information.
We now analyze the localization of electron and hole wave functions in the WSe 2 /MoS 2 HB. The electron-hole wave function overlap of a ILE can be quantified by projecting the hole state Fig. 4(a) ) is nearly zero (o K ≈ 0 %) because electrons and holes only involve transition metal atom d-states and reside 6.6Å apart (see Fig. 2(e) ). The PL intensity scales with the square of the transition matrix element, which suggests that radiative recombination of K − K ILE is suppressed and is thus not seen in our PL measurements [24] . This is very different for the Γ − K transition (Fig. 4(b) ): | + Γ is strongly affected by interlayer hybridization and therefore extends over both layers with Mo, S, W, and Se atoms all participating. It has a large component that resides in the MoS 2 ML (o Γ = 24%) where |− is localized. Therefore the matrix element is much larger for Γ − K transitions than it is for K − K ones.
Our observations strongly imply the picture of an ILE with high PL intensity that does not represent the thermodynamically lowest-energy states (i.e. the K − K excitonic transition), and is fully consistent with transitions of the Γ − K type. We note that our system is pumped with a sufficiently high energy to create carriers across a wide range of momenta with a hot, nonthermal distribution. Thus the observed response will depend intimately on the non-equilibrium kinetics of exciton formation and recombination, as well as charge transfer [25] and a host of non-radiative relaxation channels [26, 27] . However, it should be noted that non-equilibrium effects alone are insufficient to explain why the Γ − K ILE appears to be so strongly favored.
One possibility is that the large, real-space overlap of electron and holes in the respective layers kinetically favors the formation and recombination of partially charge-separated Γ − K excitons despite the fact that such states are not formed from band edge carriers. The large, realspace overlap of these k-space indirect interlayer excitons suggests a binding energy that is increased as compared to their K − K counterparts that are fully charge-separated. Therefore, we calculate the exciton binding energies ∆E X of the A excitons as well as K −K and Γ−K ILEs using the Quantum Electrostatic Heterostructure model [28] and a variational wave function ansatz. Excitonic interlayer interactions are described within a tight-binding approach (see Supplementary Information for details). Experimentally, the exciton binding energy is defined
, where E qp gap is the quasiparticle band gap and E opt gap is the optical gap, measured as the PL peak energy. The results of these calculations are given in Fig. 4(c) , where ∆E X is indicated by arrows. For the A excitons, the theoretical and experimental energies agree well. ∆E X values are of the order of 0.5 eV, in good agreement with previous results [29] . For the K − K ILE ∆E X = 0.29 eV, which is also in agreement with earlier results [15, 30] . For Γ − K we obtain a much bigger value of 0.55 eV, comparable to those of A excitons. The main reason for this large number is the delocalization of the hole state over both layers that enhances the electron-hole Coulomb attraction and gives the Γ − K ILE also a strong ML character in MoS 2 . We note that the ILE emission energy calculated using this large binding energy is in good agreement with the experimentally observed value. It should also be noted that charge separation creates excitons with an interlayer dipole moment of
Debye (e is the elementary charge and d the layer separation). The latter is reduced by interlayer hybridization. Thus K − K and Γ − K excitons can potentially be distinguished by measuring
In this work we have shown that MoS 2 /WSe 2 HBs host optically bright, k-space indirect excitons composed of holes from the Γ-valley and electrons from the K-valley. The Γ − K character of these interlayer excitons was uniquely identified by the twist angle dependence of the PL emission energy in conjunction with first principles calculations that quantitatively reproduce the observed energy shifts. Their k-space indirect nature is further supported by analysis of temperature-and twist-angle-dependent PL intensities, and by a Γ − K exciton model yielding the emission energy observed in experiment. We further showed that strong interlayer hybridization of the hole state reduces the degree of charge separation and enhances radiative recombination that gives rise to the high PL intensity of the ILE, while preserving an exciton binding energy comparable to monolayer excitons. These results extend current interpretations about the nature of ILE in TMDC-based van der Waals heterostructures. with important implications for both the study of fundamental physics as well as the development of optoelectronic devices.
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Methods (on-line)

Sample fabrication
Heterobilayer (HB) samples were fabricated by means of a deterministic transfer process [10] . flake was transferred on top of the MoS 2 . For each of the heterobilayers fabricated in this way, the relative orientation of the individual layers was chosen to optimize the overlap region of the monolayer parts of the flakes. Subsequent to the transfer, the heterobilayers were annealed. For this, they were mounted in a furnace, which was initially flushed with an H 2 /Argon gas mixture and then pumped to high vacuum. In vacuum, the samples were annealed at a temperature of 150 o C for 5 hours.
Optical spectroscopy
Photoluminescence (PL) and Raman measurements were performed in a self-built microscope setup, details are published elsewhere [31] . A continuous-wave laser (wavelength 532 nm) was coupled to a 100x microscope objective and focussed to a sub-micron spot on the sample surface.
PL and scattered light were collected with the same objective, passed through long-pass filters, coupled into a grating spectrometer and detected with a Peltier-cooled charge-coupled device (CCD). For temperature-dependent PL measurements, the sample was mounted on the cold finger of a small He-flow cryostat. For PL mapping, the sample was moved beneath the fixed microscope objective using a motorized xy stage, and PL spectra were collected for sample positions defined on a square lattice. In order to extract information from these spectra, an automated fitting routine was employed, which yields the integrated intensity, spectral position and full width at half maximum (FWHM) for each spectral feature extracted using a Gaussian fit function. Second harmonic generation (SHG) measurements were performed in a similar, selfbuilt microscope setup, which was optimized to yield high SHG throughput. Here, a Ti:sapphire laser oscillator (pulse length 100 fs, central wavelength 815 nm) was used as an excitation source. The laser light coupled into the microscope objective was linearly polarized, and the same polarizer was used to analyze the reflected light, so that only the signal polarized parallel to the excitation was detected. To separate the SHG signal from the reflected fundamental laser wavelength, a dichroic mirror and short pass filters were employed before the SHG signal was either coupled into a grating spectrometer to be detected by a CCD, or focussed onto an avalanche photodiode (APD). In the measurements using the APD, a lock-in scheme was employed to further increase signal-to-noise ratio. For SHG mapping, the sample was moved beneath the fixed microscope objective using a motorized xy stage. For polarization-dependent measurements, the combined polarizer/ analyzer was rotated using a motorized stage.
Experimental data analysis
For each heterobilayer structure, a PL map was measured at room temperature. To compensate for the spatial inhomogeneity of the interlayer exciton (ILE) emission, spatial averaging was employed. For this, the average PL emission energy of the ILE, as well as its standard deviation, were calculated from the values extracted from an automated fitting routine applied to individual PL spectra collected in the heterobilayer region where sufficiently intense ILE PL was observed.
The size of these regions varied from sample to sample, but on average, more than 60 spectra were evaluated for an individual heterobilayer.
Density functional theory calculations
Density functional theory (DFT) calculations were carried out with the PBE functional [32] and the DFT-TS dispersion-interaction-correction scheme [33] using the PAW method [34] and a plane wave basis set with a cutoff energy of 259 eV, as implemented in the VASP package [35, 36] . For the k-point sampling, an in-plane sampling density of 0.1Å 2 was used. It was carefully checked that this density leads to converged total energies (energy differences are smaller than 1 meV/atom). The k-space integration was carried out with a Gaussian smearing method using an energy width of 0.05 eV for all calculations. All unit cells were built with at least 10Å separation between replicas in the perpendicular direction to achieve negligible interaction. All systems were fully structurally optimized until all interatomic forces and stresses on the unit cell were below 0.01 eV/Å and 10 kbar, respectively. Spin-orbit interactions were generally not taken into account and the inclusion of these interactions does not alter any of our conclusions as spin-orbit-dependent interlayer interactions have never been reported before [2, 18] . The wave function overlap 1 Supporting experimental details
Evaluating the effects of annealing
All samples investigated in this study were subjected to an annealing step after fabrication, which was previously shown to increase interlayer coupling [1] . Here, we demonstrate the effects of the annealing using photoluminescence measurements and atomic force microscopy. Figure S1 (a)
shows an optical microscope image of a specific heterobilayer sample. To evaluate the coupling between the two constituent monolayers in this sample, we performed scanning photoluminescence measurements before and after the annealing step. In Fig. S1 (b), false-color maps of the PL intensities of MoS 2 and WSe 2 , measured before the annealing, are shown. We clearly observe that the PL intensity of both materials is not diminished in the heterobilayer region, indeed it is even slightly enhanced for MoS 2 . This indicates that the two monolayers are decoupled, so that there is neither band structure hybridization nor rapid interlayer charge transfer. By contrast, after annealing, we find a pronounced quenching of the PL emission from the MoS 2 and WSe 2 in the heterobilayer region, while the emission is unchanged in the isolated monolayer regions, as 
Vibronic interlayer coupling
Raman spectroscopy is a powerful tool to identify various two-dimensional crystals, and to study the effects of external parameters such as strain and doping. While various two-dimensional materials have specific Raman modes dependent on the crystal structure, there are two modes that are generic to layered materials, the rigid-layer shear and breathing vibrations, where adjacent layers oscillate with respect to each other. These rigid-layer oscillations have low
Raman shifts due to the weak interlayer coupling. Figure S3 shows a series of low-energy Raman spectra measured on WSe 2 (top) and MoS 2 (bottom) mono-and naturally 2H-stacked bilayers, as well as on a heterobilayer. In the 2H-stacked bilayers, the shear (SM) and breathing (LBM) modes are readily observable. Naturally, both modes are absent in the monolayers.
As expected from its higher mass per unit area, SM and LBM modes in WSe 2 are at lower frequencies than in MoS 2 . For both materials, nearly identical spring constants k have been extracted previously [3] . In the heterobilayer, we also observe the LBM mode, with a frequency with the measured value. For these calculations the layer separation of twisted HB was slightly increased and decreased around the equilibrium value and the total energy of each geometry was calculated. The energy vs. separation series was fitted to a harmonic function and the LBM frequency was calculated from the harmonic force constant.
SHG microscopy
In order to determine the twist angle of the heterobilayers, we employ polarization-resolved second-harmonic-generation (SHG) microscopy, which was previously shown to be a powerful tool to determine the crystallographic orientation of TMDC monolayers [4, 5] and stacking angles of heterobilayers [6] . Figure S4 demonstrates this procedure for one particular sample, which is depicted in Fig. S4(a) . For each of the two constituent monolayers, we determine the relative angle φ 0 between the armchair directions and the horizontal polarization axis of our SHG setup by measuring the polarization-resolved SHG intensity I SHG on isolated monolayer regions. For parallel polarization of fundamental and SHG light, the SHG intensity is maximum if the polarization axis is oriented along an armchair direction, yielding a I SHG ∝ cos 2 (3φ − φ 0 ) dependence. As Fig. S4 (c) and (d) show, polar plots of the SHG intensity can readily be fit to the expected I SHG dependence. However, the 6-fold symmetry of I SHG does not allow us to determine whether the monolayers in a heterobilayer are, e.g., aligned (α = 0 • ) or antialigned (α = 60 • ). To resolve this ambiguity, we perform scanning measurements of the total SHG in- tensity. In the heterobilayer region, SHG from the individual monolayers interfere constructively for aligned stacking and destructively for antialigned stacking. As shown in Fig. S4(b) , we observe a reduced SHG intensity in the heterobilayer region, relative to the SHG intensities of the constituent monolayers, indicating destructive interference. We note that the SHG signal is not fully suppressed within the heterobilayer region due to the fact that the interfering SHG fields of the constituent monolayers have different amplitudes. In conjunction with the polarizationdependent SHG measurements shown in Fig. S4(a) , the destructive interference observed in the heterobilayer region allows us to determine a twist angle of 58.7 • for this sample.
Quenching of intralayer PL emission in heterobilayers
In all of our heterobilayers, we observe a pronounced suppression/quenching of the monolayer A exciton PL emission of the constituent WSe 2 and MoS 2 monolayers, as shown in the main manuscript and in Fig. S5(a) . Remarkably, we find that the quenching of the WSe 2 PL emission is far more pronounced than that of the MoS 2 . This trend is observed for all of the investigated heterobilayer samples, as Fig. S5(b) demonstrates. While we do not find a clear dependence 
Twist angle dependence of interlayer exciton emission intensity
Additional evidence for the Γ-K character of the ILE emission in WSe 2 -MoS 2 heterobilayers is the (lack of a) dependence of the ILE emission intensity on the twist angle. In a twisted heterobilayer, both Γ − K and K − K transitions are generally indirect in k space. However, for twist angles close to 0 and 60 degrees, the K − K transition is almost direct in k space, so that a larger PL yield could be expected for this transition. Figure S5 (c) shows the ILE emission intensity as a function of twist angle. We note that the intensity fluctuates strongly from sample to sample and that there is no pronounced increase of PL yield for samples with twist angles close to 0 or 60 degrees. This observation is in stark contrast to WSe 2 /MoSe 2 heterobilayers, where a clear dependency of the PL intensity of the ILE with respect to the twist angle was observed [7] . In order to reduce sample-to-sample variations which might stem from changes of the setup, such as laser spot size, we also determined the intensity ratio of the ILE emission and the WSe 2 A exciton emission on the isolated monolayer regions. As Fig. S5(d) demonstrates, there is no clear dependence of this ratio on the twist angle either. This lack of an increased PL yield for near-aligned and antialigned heterobilayers supports our assertion that the ILE emission stems from the Γ-K transition, which is, naturally, always indirect in k space, irrespective of the twist angle.
Energy shift of monolayer exciton/trion transitions in heterobilayers
As discernible from 
Low-temperature PL measurements
As discussed in the main manuscript, we observe a complex behavior of the ILE emission with decreasing sample temperature. Here, we present additional temperature-dependent PL measurements in the range from 90 K to 4 K. Figure S6 (a) shows a series of PL spectra measured on a heterobilayer and on isolated WSe 2 and MoS 2 monolayers. To suppress the effects of spatial inhomogeneity of the ILE emission, a PL map was recorded for each sample temperature, and spatial averaging of about 30 individual spectra measured in the heterobilayer region was performed. The spectra are not normalized, so that the PL intensities for different temperatures can be directly compared. For both of the isolated monolayers, the systematic blueshift of the A exciton/trion PL emission with decreasing temperature due to band gap increase continues.
We also observe that the A exciton and trion emission yield in the WSe 2 monolayer decreases as the temperature is lowered below 90 K. The origin of this decrease will be discussed below.
Additionally, a broad shoulder (marked L) emerges at 60 K, which can be attributed to emission from localized states [12, 13] . This localized-state emission dominates the PL spectrum of the WSe 2 monolayer at 30 K and below. In the MoS 2 monolayer, we find that the exciton/trion PL yield monotonously increases with decreasing temperature, most likely due to the suppression of nonradiative decay channels. We also observe the emergence of a broad, low-energy shoulder (marked S) as the temperature is reduced below 90 K. This feature was previously attributed to excitons bound to surface adsorbates [14] . In the heterobilayer region, we observe that, while the MoS 2 PL yield increases monotonously with decreasing temperature, the ILE emission is no longer clearly discernible at temperatures below 90 K. This is due to the emergence of the pronounced localized-state emission of WSe 2 in the heterobilayer region, which is at a slightly lower energy than the ILE, but so broad that it overlaps with the ILE emission region. Thus, we cannot clearly quantify the ILE yield for temperatures below 90 K. However, an upper boundary for the remaining ILE emission can be extracted from the PL spectra. For this, we compare the ILE PL emission obtained at 90 K, blueshifted by the same amount as the MoS 2 emission to account for the changing transition energy, with the spectra at 60 K and below. Scaling the trace by an appropriate amount to match the PL spectra yields a conservative upper boundary for remaining ILE emission. This approach is indicated for the PL spectrum measured at 4 K by the red spectrum, which corresponds to the appropriately blueshifted ILE emission spectrum measured at 90 K, scaled by a factor of 0.7. We note that this upper boundary most likely significantly exceeds the ILE emission that would be obtained by decomposition of the PL spectrum into Gaussian peaks for ILE and defect-related emission. We also note that we do not observe the low-energy emission from MoS 2 in the heterobilayer region. This observation indicates that due to the fact that MoS 2 is covered by the WSe 2 layer, no pronounced adsorbate-related PL emission occurs.
In Fig. S6(b) , we plot the integrated PL intensities for the WSe 2 exciton, the MoS 2 exiton/trion and the ILE emission measured in the heterobilayer region, normalized to their respective values at 300 K, as a function of temperature.We find that the PL yield of the MoS 2 -related emission monotonously increases with decreasing temperature. By contrast, for the WSe 2 A exciton emission, the PL yield decreases with decreasing temperature, and the neutral A exciton emission is no longer observable at temperatures below 120 K. This decrease is due to the peculiar band structure of WSe 2 , in which the conduction-band spin splitting is such that the optically bright, spin-allowed A exciton transition is between the upper valence and the upper conduction band. Hence, there is a lower-energy, optically dark A exciton state in WSe 2 and the related WS 2 . The lower-energy dark A exciton state in the tungsten-based materials was indirectly inferred in temperature-resolved PL measurements, where the PL yield initially increases with increasing temperature due to increasing thermal population of the optically bright A exciton state [15, 16, 17] . More recently, PL emission from the dark state was directly observed using applied in-plane magnetic fields [18] and in-plane excitation and detection geometry [19] .
Since the ILE is formed from electrons located in the MoS 2 layer, where the conduction-band spin splitting is very small [20] , and holes that are located predominantly in WSe 2 , we do not and MoS 2 (right panel) monolayers (ML) and on a heterobilayer region (center panel). The spectra are not normalized, so that the PL intensities for different temperatures can be directly compared. The dotted lines trace the spectral evolution of the various emission peaks. In the WSe 2 monolayer, emission from localized states (L) and trions (T) is observable in addition to the neutral A exciton. In the MoS 2 monolayer, a low-energy PL emission attributed to surface-adsorbate-bound excitons (S) is identified in addition to the trion feature. In the heterobilayer,the interlayer exciton (ILE) emission is suppressed as the temperature is reduced from 90 K to 60 K. As the temperature is reduced further, pronounced emission from the WSe 2 L peak masks any residual ILE emission. To estimate an upper boundary for residual ILE emission, the spectrum measured at 90 K is scaled by a factor of 0.7 and superimposed onto the spectrum at expect an energetically favorable, spin-forbidden (dark) ILE ground state, even if we were to assume a K-K nature of the ILE. Hence, we do not expect a nonmonotonous temperature dependence of the ILE emission based on dark state formation. However, we find that, after an initial increase of the ILE PL yield with decreasing temperature, most likely due to the suppression of nonradiative decay channels, we observe a clear suppression of the ILE emission as the temperature is decreased below 60 K. While we can only give an upper boundary for this suppression, this behavior is in stark contrast to that observed in the MoSe 2 -WSe 2 heterobilayer system.
For that material combination, in which ILE are considered to be k-space-direct, a significant, monotonous increase of the ILE PL yield is observed with decreasing temperature [21, 22] . This clear difference in temperature dependence of the ILE PL yield further supports our assertion that the ILE observed in our MoS 2 -WSe 2 heterobilayers are k-space-indirect. We note that we do not expect a complete suppression of the ILE PL emission in our system at low temperatures: while radiative recombination of k-space indirect excitons is partially suppressed at low temperatures due to the reduced phonon population, PL emission of k-space-indirect excitons remains possible via phonon emission processes.
The temperature-dependent PL data presented in the main manuscript and supplement were recorded on a sample with a twist angle of about 33 degrees. A second measurement series on a sample with near-alignment (twist angle about 59 degrees, not shown) yields a qualitatively identical behavior of the ILE PL intensity as a function of temperature, further supporting our assertion that the ILE transition in our heterobilayers is always k-space-indirect, irrespective of twist angle. Fig. S7(a) . Its electronic band structure is shown in Fig. S7(b) , where the band structures of the individual MoS 2 and WSe 2 layers are superimposed and all energy levels are aligned with respect to the vacuum level E vac . The latter was determined from the constant value of the DFT effective potential (without the exchange-correlation potential) at large distances from the system. Due to the strong applied strain, band gaps, band extrema and band dispersions are modified in comparison to strain-free systems [23, 24] . For example, the valence band maximum of ML MoS 2 in Fig. S7(b) is at the Γ-point. However, in strain-free ML MoS 2 it is at the K point and the band gap is also bigger (and that of WSe 2 is smaller). We will use the model Within the considered range all transition energies shift as a nearly linear function of the layer separation and the extracted slopes are given in Table S1 . ML transitions (left and central panel in Fig. S8(b) ) that involve hybridized states (Γ 1 , Q 4 , R 4 ) exhibit a pronounced dependence on the layer separation, while transitions between non-hybridized states ( have a positive slope (0.561 and 0.319 eV/Å, respectively). However the transition energy is larger than that of the K 1 -K 2 ML transition (also in unstrained systems), which is related to the A exciton. Therefore these transitions cannot be measured with PL and we exclude the possibility that the PL peak near 1.6 eV is related to transitions within ML of MoS 2 or WSe 2 .
As a result of the staggered band alignment, all interlayer transitions (right panel in Fig. S8(b) ) are at smaller energies than ML transitions. The PL peak near 1.6 eV is therefore likely to be related to an interlayer transition. Transitions with positive slopes (last line in Tab. S1) are only those that involve Γ 1 . The slopes of Γ 1 -K 1 , Γ 1 -Q 2 , Γ 1 -R 1 , Γ 1 -R 2 are all very close to 0.44 eV/Å. But Γ 1 -K 1 is the lowest-energy transition and the only one of them that is relevant for PL measurements. We emphasize that also in the unstrained system K 1 forms the conduction band edge and Q 2 , R 1 and R 2 are at higher energies. Thus, we are able to identify a single transition -Γ 1 -K 1 -that lies within a reasonable energy range, has the right trend and the correct positive slope of 0.47 eV/Å, in excellent agreement with the value of 0.44 eV/Å, found for realistic HB.
It is interesting to note the negative slope of the K 1 − K 1 interlayer transition in Tab. S1.
This means that the K 1 − K 1 gap of isolated ML is smaller than the one in the HB. A similar K 1 − K 1 gap reduction between WSe 2 /MoS 2 HBs and their isolated ML was reported by Latini et al. [10] . They ascribe this effect to charge transfer between the ML.
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(eV/Å) -0.019 0.071 0.002 0.023 -0.037 -0.017 -0.076 -0.081 0.010 Table S1 : The slopes extracted from the transition energy vs. layer separation plots in Fig. S8(b) . 
Twisted heterobilayers
Construction of twisted heterobilayers
In order to generate the atomic structure of twisted HBs, commensurate, periodic supercells for special twist angles were constructed. The unit cells of the considered systems are shown in Fig. S9 . The supercell lattice vectors for the top and bottom layers are given by
where t 1 and t 2 are the primitive lattice vectors for the top layer, b 1 and b 2 are the primitive lattice vectors for the bottom layer (hexagonal lattice vectors) and n t , m t , n b m b are integers.
The commensurability condition then simply is | T | = | B|. As the DFT-TS lattice constants of MoS 2 and WSe 2 (3.16 and 3.28Å [25, 26] ) differ by about 4%, the systems are actually incommensurate. However various supercells of one layer can be constructed such that they are Table S2 : The parameters defining the commensurate supercells of the HB for each twist angle.
The primitive-to-supercell scaling factors n t , m t , n b and m b , the strain in each layer, the number of atoms per HB supercell and the length of the supercell basis vector are given.
nearly commensurate to supercells of the other layer. Commensurability is then enforced by applying a small amount of strain to the individual layers. In our study the strain is always less than 0.03% (see Table S2 ). DFT calculations of positive biaxial strain in MoS 2 show that the band gap changes by -0.240 eV/% strain. The strain in the commensurate HB supercells therefore alters the MoS 2 band gap by less than 10 meV. This is much smaller than the band structure effects we are considering in this work. All relevant structural parameters are given in Table S2 . Each set of parameters describes a small and a large angle HB. The differences is generated by a similar or opposite relative orientation of the transition and chalcogen atoms in the primitive unit cells of each layer.
Layer separation and static waviness
The twisted HB were structurally optimized with dispersion-corrected DFT-TS calculations.
Figure S10 the S-Se distances are smaller than 3.34Å in large parts of the unit cell. This is the reason why the mean layer separation is reduced for small twist angles.
Determination of DFT transition energies
The band structures of two twisted HB are shown in Fig. S11 . Due to the large number of atoms per cell (ca. 600) the number of bands is also very large and the complexity does not allow an easy analysis as done with the HB model system (compare Fig. S7 ). In twisted HB the Brillouin zones of the individual ML are twisted with respect to each other (see main article) and their bands are folded into the Brillouin zone of the commensurate supercell. This folding also implies that states from the K-points of the ML are folded to general k-points in the HB supercell. By tracing the mapping of the ML K points, we find for the two examples, i.e. 5.1
Note that the Γ-point always maps to Γ: Γ ML → Γ HB . It is straightforward to extract the energy of the K 1 − K 1 transition from the valence band maximum (VBM) and conduction band minimum (CBM) in Fig. S11(a) . To find the energy of the VBM K 2 , Γ 1 , Γ 2 and the CBM K 2 we expanded the wave functions of the band states in LCAO-like basis functions. We obtain the projected The two interlayer transitions however are sensitive to twisting but only the trend of Γ 1 − K 1 agrees with the PL results, as discussed above and in the main article.
Comparison with photoluminescence energies
Absolute DFT transition energies cannot directly be compared with absolute PL energies due to the inability of the single-particle Kohn-Sham description to properly account for both the quasi-particle band gap and the two-particle states such as excitons, that are very important in TMDC materials. To match the energy scales of PL and DFT in Fig. 2(d) of the main article we therefore rigidly shift the DFT transition energies by +0.445 eV. This implies that we do not compare absolute but relative energy scales. For the variation of the energies with twist and therefore the observed twist-angle-dependent PL shifts are mainly a band structure effect.
Band alignment diagram: estimation of band gaps and band offsets
The basic optical and electronic properties of a HB are defined by the band edge states. Their relative energies are given in the band alignment diagram in Fig.3(a) of the main article and in The band energies of the states Γ 1 and Γ 2 are strongly influenced by interlayer interactions (see pink arrows in Fig. S7(b) ). As G 0 W 0 calculations for twisted HB (ca. 600 atoms per unit cell) are not at all feasible, we estimate the band energy of these state as:
, where ε GW
is the G 0 W 0 band energy, ∆ GW SOC (WSe 2 ) is the splitting of the K 1 state due to spin-orbit interactions from Ref. [31] and ε DFT K 1 and ε DFT Γ 1 are the DFT band energies in a twisted HB with a twist angle of 21.1 • (see labels in Fig. S11(a) ). As the G 0 W 0 calculations include spin-orbit interactions and the DFT calculations do not, we use half of ∆ GW SOC (WSe 2 ) to correct that difference. We argue that it is reasonable to calculate the energy difference between K 1 and Γ 1 in DFT because the two states are mostly localized in the WSe 2 layer and DFT band energy differences between valence states in TMDC MLs were shown to be in good agreement with experiment [32, 29] . Similarly, the band energy of Γ 2 is estimated as:
. The left-hand side of 
Exciton binding energies
The electron and hole probability density distributions in the MoS 2 and WSe 2 layers that compose the heterostructure play a fundamental role in the exciton binding energy and oscillator strength. Such distributions can be retrieved from DFT calculations of the band structure of the MoS 2 /WSe 2 heterostructure, as shown in Fig. S7(c) , where one observes that at the Kpoint, the valence and conduction band states are fully separated in different layers. In fact, this is what one would expect bringing together these two layers: for a type-II band alignment electrons (holes) should be fully confined in the MoS 2 (WSe 2 ) layer. This is however not true for the valence band states at the Γ-point, where a mixing of ML states is observed, with 24% of the valence orbital localized in the MoS 2 layer. Whenever we speak of electron-hole overlap o in the figure and discussion below, we refer to the projection 2 of the hole wave function | + k
As a consequence of this mixture, holes at Γ and electrons at K points form partially chargeseparated excitons in real space that exhibit finite oscillator strength, in contrast to the fully charge-separated exciton, with both electrons and holes at K, where these charges are completely spatially separated in different layers and, therefore, have very small oscillator strengths.
In order to estimate the binding energy of such partially charge-separated ILE, one could use the 24%-76% distribution for the hole, along with a completely localized electron in MoS 2 , to construct the exciton wave function distribution along the direction perpendicular to the layers, whereas the in-plane motion would be described, e.g., by a variational function. However, electron-hole interactions in 2D materials are known to be very strong, due to the lack of dielectric screening by the environment surrounding the layers (assumed to be vacuum here), which suggests that this distribution, obtained ab initio without accounting for electron-hole interactions, may change if this interaction is taken into account. Therefore, it is important to develop a model that matches the DFT interlayer orbital distributions in the limit of noninteracting charges, but also allows for corrections due to electron-hole interactions. This is done in what follows, within the tight-binding model framework. an electron-hole pair using the interaction potential for separate carriers, which will be discussed in greater detail further on.
For valence band states at Γ in Fig. S7(c) , however, there is a clear mixture of ML states and the heterostructure valence band is not just a superposition of the monolayer ones. This suggests that the 2 × 2 tight-binding Hamiltonian matrix in this case is no longer diagonal, but, in the simplest tight-binding model, can be rather written as
where V Γ h is the valence band offset between separate ML and t h is the interlayer hopping parameter. The band structure in Fig. S7(b) shows that the band offset (pink arrows) increases as the ML are put together in a HB. In the previous section V Γ h was determined to be 0.16 eV and 0.44 eV for separated ML and the HB, respectively. We thus adjust t h as to reproduce this increase of the band offset in the heterostructure valence bands, obtaining t h = 0.2341 eV.
Finally, diagonalizing H Γ v for these parameters, one obtains also a hole wave function that is distributed between both layers, with 32%(68%) probability to be found in the MoS 2 (WSe 2 ) -very close to the ratio 24%-76% obtained with DFT, which adds support to our model.
We now consider a hybrid trial wave-function for the exciton |Ψ = H y (r)|ij : its radial part is given by a variational hydrogenic function H y (r) = (2 a √ 2π)e −r/a , where a is a variational parameter, whereas its longitudinal part |ij consists of the tight-binding basis discussed above, with an electron in the i-th layer and a hole in the j-th layer. In this way, we are assuming that the wave function spreads over the planes of each layer (with an effective Bohr radius a), but it is infinitely thin around each layer in the direction perpendicular to them. This approach allows us to "lock" the eigenstates in the ground state for the radial direction, while we investigate the electron-hole distribution along the layers for different states in the perpendicular direction.
In the model basis |11 , |12 , |21 , |22 , the hybrid continuum/tight-binding model Hamiltonian is represented by the matrix [10] . These values are lower than those obtained for isolated ML. This is due to the fact that in the HB, even when dealing with ML excitons, V ii is calculated taking into account the existence of an adjacent layer, which provides extra screening of the Coulomb interaction thus reducing ML binding energies. Fig. S13 . Intermediate values of effective mass would lead to curves within the shaded region of this figure. It is thus safe to say that the ILE binding energy is only weakly dependent on the effective masses, which is in agreement with discussions in previous theoretical works [35] . Although the dependence on V Γ h is stronger, changing this parameter still does not lead to values of ILE binding energy far from the ≈ 0.5 eV found here and the conclusion that the ILE has high binding energy is robust. 
